A Tn21-related mercury resistance transposon, Tn5060, has been isolated from Pseudomonas sp. strain A19-1 from a 8000^10 000-yearold Siberian permafrost sample, and sequenced. Like Tn21, the element transposes to different plasmids at a frequency of 10 32^1 0 33 per target plasmid transfer. Comparison of the complete Tn5060 DNA sequence (8667 bp) with that of Tn21 (19 672 bp) shows that Tn5060 does not contain integron In2 and deviates from Tn21 in four nucleotide positions. These and other comparative data demonstrate that Tn5060 is the most closely related of the characterized mercury resistances to the as yet hypothetical immediate ancestor of Tn21, TnX.
Introduction
Of the mobile genetic elements that promote the rapid dispersal of multidrug-resistant strains of clinical bacteria, the Tn3 family transposons from the Tn21 subgroup, that are found in Gram-negative bacteria, are thought to be among the most important [1^3] . The predominant fraction of these transposons is represented by elements of the Tn21 lineage, which di¡er from each other by the drug resistance genes (DRGs) that they have acquired [1] . Tn21 and Tn21-like elements are very similar (if not identical) to each other in the regions other than those encompassing the acquired DRGs. Their 'backbone' is composed of the mer and tnp modules that encode mercury resistance [4^9] and transposition functions [1, 10] , respectively. Their DRGs lie within an element that is both a defective (Tn5053/Tn402 family) transposon and a class 1 integron [1^3,11] . A site-speci¢c integrase system (attI1-IntI1) present in the integron is responsible for the acquisition of di¡erent DRGs [12] that may be further redistributed between di¡erent class 1 integrons by homologous recombination at the adjoining conserved regions [13] .
In the current model for the evolution of Tn21 [2, 11, 14] , the major event in its formation was the insertion of a transposition-de¢cient integron into the urf-2 (urf2M) gene of a hypothetical mercury resistance transposon, TnX [3] , also called Tn21v [2] . Translocation of transposition-de¢cient class I integrons by the supply of the missing transposition functions in trans has been reported for In33 (known as Tn1405 and Tn2521) [13, 15, 16] and also In2, which is present in Tn21 (V.A. Stanisich cited by Brown et al. [11] ), which indicates that the present evolutionary model is valid. However, since the ¢rst model for the evolution of Tn21 was proposed in 1983 [17] , no appropriate candidate for TnX has been found amongst the sequenced Tn21 subgroup transposons lacking integrons [18^21]. Compared to Tn21, these transposons had too many di¡erences which have not permitted the presumed structure of TnX to be inferred from either of them. Recently, however, two transposons lacking integrons, but which are very closely related to Tn21, have been identi¢ed. One of them, Tn5075, originates from a pre-antibiotic era clinical strain, Escherichia coli M634, isolated in 1931 [14] . The other, Tn21vln2, embedded in another (Tn5041-like) mercury resistance transposon, was isolated from a Pseudomonas strain from a Central Asian mercury mine in 1983 [22] . In this work, a transposon that is most closely related to TnX (Tn5060) was identi¢ed in a bacterium isolated from a 8000^10 000-year-old permafrost core sample. Comparisons of Tn5060 with Tn5075 and Tn21vIn2
(renamed in this work as Tn5043), have made it possible to propose an extension to the current evolutionary model for Tn21 and Tn5075 [2, 11, 14] .
Materials and methods

The Siberian permafrost sampling site
The sampling site used to isolate bacteria from is located near the Omolon river mouth (160^161 ‡E, 697 0 ‡N; Kolyma lowland, North-Eastern Siberia). The permafrost sample from which Pseudomonas sp. strain A19-1 was isolated was removed from the Alas sediment at a depth of 9 m. The Alas sediment had been epigenetically frozen after the Holocene optimum (8000^10 000 years ago) and has been dated by the 14 C radiocarbon method [23] . For a map and description of climate/vegetation of the sampling area, see [24, 25] , and for a geological pro¢le of the sampling site, see [26] . The drilling/sampling techniques, storage/transportation of samples, bacterial isolation methods, precautions and tests for exogenous contamination were similar to those described previously [25^27].
Bacterial strains and plasmids, and growth conditions
The bacterial strains and plasmids used in this work are listed in Table 1 . Bacteria were grown in Luria^Bertani broth (LB) or on LB agar [28] . Pseudomonas sp. A19-1 was grown at 30 ‡C. E. coli K12 strains were grown at 37 ‡C. All crosses were incubated at 30 ‡C. Concentrations of antimicrobial compounds used in both solid and liquid media were (Wg ml 31 ): ampicillin (Ap), 200; tetracycline (Tc), 20; chloramphenicol (Cm), 20; gentamicin, 5; streptomycin, 100; and HgCl 2 (Hg), 4^6.
Transposition assays
Tn5060 was mobilized from Pseudomonas sp. A19-1 using a mating-out assay, essentially as described previously [34] . A broad host range plasmid, pRP1.2, was introduced into Pseudomonas sp. A19-1 by an A19-1UE. coli HB101(pRP1.2) cross, and after three to four serial transfers on selective medium, the clones in which transposition events had occurred were recovered in the progeny of A19-1(pRP1.2)UE. coli AB1456 crosses.
To translocate Tn5060 onto small plasmids, HB101-(pRP1.2: :Tn5060) derivatives carrying either pBR322 or pACYC184 were constructed and mated with the JF238 strain. Hg R recombinants that inherited, in addition to the pRP1.2 Tc R marker, the Ap R or Cm R marker of the plasmid vector were selected in the progeny. Plasmid DNA was isolated from recombinant clones and transformed into JM83 cells. Hg R Tc S clones picked from amongst Ap R (or Cm R ) transformants were further investigated by restriction analysis of plasmid DNA.
Molecular techniques
All standard procedures such as restriction endonuclease digestion, gel electrophoresis, preparation of competent cells, plasmid transformation and cloning, were performed as described [28] . DNA sequencing of both strands of Tn5060 and re-sequencing of Tn21 was carried out using the chain-termination method [35] . Sequence relationships were analyzed using BLAST software [36] . Re-sequencing of Tn21 was conducted from plasmid pVS982 within the merD, urf-2 and tnpA genes, where the highest number of di¡erences between the two DNA sequences of Tn21 deposited at GenBank (AP000342 and AF071413) have been found.
Results and discussion
Isolation of the Hg
R transposon from Pseudomonas sp. A19-1 A number of Hg R bacteria have been previously isolated [33] from permafrost samples in our laboratory. In most cases, these isolates were shown to contain Hg R determinants hybridizing with mer operons from contemporary bacteria [26] . One of these strains, Pseudomonas sp. A19-1, found in a sample that had been frozen 8000^10 000 years ago (see Section 2.1), hybridized with a tnp probe from Tn21, and was examined in this study.
An active transposon from this strain was isolated by mobilization of its Hg R determinant with the help of a broad host range plasmid, pRP1.2. The frequency of transposon-containing transconjugants recovered from Pseudomonas sp. A19-1 was 10 33^1 0 34 per pRP1.2 transfer. The Hg R element was then translocated from pRP1.2 onto both pBR322 and pACYC184. In all targets used (pRP1.2, pBR322, and pACYC184) the same insertion of ca. 8.7 kb was identi¢ed. The mobile element was named Tn5060.
Comparison of the frequency of transposition of Tn21 and Tn5060 in E. coli using pBR322: :Tn5060 as the transposon source and large conjugative plasmids, RP1 [25] and pOX38gen [28] , as the targets, showed that for both elements the transposition frequency was 10 32^1 0 33 per target plasmid transfer.
Tn5060 has no integron and di¡ers from Tn21 by four nucleotide substitutions
The complete DNA sequence of Tn5060 (8667 bp) was determined (accession number AJ551280). BLAST searches using this sequence showed s 99.5% identity to two GenBank Tn21 sequences (AP000342 and AF071413). These two Tn21 DNA sequences di¡ered from each other by a total of 25 nucleotide substitutions (the In2 sequences were excluded from this analysis). We re-sequenced part of Tn21 to attempt to resolve these di¡erences and found that our sequence data were in agreement with the AP000342 sequence (for details, see Section 2.4). Consequently, the Tn5060 sequence was compared only with the Tn21 DNA sequence from accession number AP000342. Comparison of these two sequences showed that Tn5060 most noticeably di¡ered from Tn21 by the absence of integron In2 (Fig. 1 and legend) . Tn5060 also di¡ered from Tn21 by four nucleotide substitutions (two in merR, one in urf-2, and one in tnpA).
It has previously been hypothesized [2, 11] that insertion of the integron into the Tn21 ancestor had split an initial single open reading frame (ORF) of the gene, urf-2 (urf2M), into two parts, the 5P-terminal ORF named urf-2 [21] and the 3P-terminal ORF named tnpM [38] . This hypothesis is supported by the structure of Tn5060, which has a full-length urf-2 gene similar to that of Tn501 (accession number Z00027). Simple calculations based on the Tn21 sequence predict that the length of urf-2 (urf2M) of TnX should be 987 bp, while that of the whole TnX should be 8667 bp. The sizes of Tn5060 and its urf-2 exactly corresponded to these values.
Evolution of the Tn21 subgroup transposons
By analyzing the distribution of di¡erences in the DNA sequence of Tn5060, Tn5075, Tn5043 (Tn21vln2 [22] ) and Tn21 (Fig. 1) , we have attempted to determine the place of Tn5060 in the current evolutionary model [2, 11, 14] . All di¡erences between Tn5060, Tn5075, Tn5043 and Tn21 were found to be unique, except a substitution at position 19305 (Tn21 numbering ; AF071413). This di¡erence, which was present in some of the elements (Tn5060 and Tn5043) and was absent from the others (Tn21 and Tn5075), strongly indicated a fork in the evolutionary pathway of Tn5060/Tn5043 and Tn21/Tn5075 from an [14] ); tnpA and tnpR are the transposase and resolvase genes, respectively; and res is the resolution site. In the mer operon module, merR and merD are the regulatory genes; merT, merP, merC and as it is hypothesized merE [37] (¢rst called urf-1 [19] ) are the genes of the Hg(II) transport system ; merA is the gene encoding mercuric ion reductase; and urf-2 (urf2M) is a gene of unknown function. IS5075L and IS5075L (each of ca. 1.34 kb in length) and TIRs are depicted out of scale. Nucleotide and amino acid di¡erences are given using the Tn21 DNA from accession number AP000342 as the reference. These di¡erences are as follows: 1783, GCA; 15383, TCC (IleCVal); 19263, ACG (ThrCAla) ; 19305, GCC (GlyCArg); 1637, CCG; 3071, TCC (ThrCAla); v(3802^3824), out-of-frame deletion; 16311, CCA (GlnCHis). PstI and EcoRI are the Tn5043 restriction endonuclease sites that are absent from Tn21 [22] .
ancestor (named by us TnY) common to all these transposons. Because Tn5060 is an ancient transposon, it is reasonable to assume that substitution 19305 leads not to Tn5060 and Tn5043, but to Tn21 and Tn5075 via their common ancestor, TnX (Fig. 2) . At present, it is impossible to de¢ne in which evolutionary pathway (to Tn21 or Tn5075) the substitutions 1637, 3071 and 16311 have emerged. Consequently, we have not shown them in Fig.  2 . In contrast, the fact that deletion 3802^3824 and the IS elements had arisen in the evolutionary pathway to Tn5075 (but not to Tn21) is proven by their absence from Tn21 and Tn5060. As can be seen from Fig. 2 , our model extends the previous model [2, 11, 14] .
When might TnY have been formed? Three substitutions should have occurred after Tn5060 evolved from TnY, and before it became frozen (Fig. 2) . One of them (1783), is synonymous. If we accept the rate of evolution for the Pseudomonas genera to be 2.3U10
39 per synonymous site per year [39] , then a rough estimate for the age of TnY, ca. 70 000 years before the last ice age, may be obtained by dividing 1 by (2.3U10 39 U2895U2), where 2895 is the number of synonymous sites in an entity like Tn5060, and 2 the number of the sequences considered (Tn5060 and Tn21). Fig. 2 . Hypothetical evolutionary relationships for Tn5060, Tn5075, Tn21, and Tn5043 (Tn21vIn2 [22] ). The current evolutionary model for Tn21 and Tn5075 [2, 11, 14] is boxed. Designations are as in Fig. 1 . The acquisition of IS1353 by the In2 ancestor is assumed to have occurred after insertion of this integron into TnX, i.e., after the formation of either Tn2411 or its very close relative [2, 11] . Tn5043 may have diverged either from TnY or its descendant on the evolutionary pathway to Tn5060; or from a TnY ancestor.
